The goal of this research was to examine the role of cytotoxic T lymphocytes (CTL) in the control of Rhodococcus equi and specifically to determine if R. equi-specific CD8 ؉ CTL occurred in the blood of immune horses. Equine peripheral blood mononuclear cells stimulated with antigen-presenting cells either infected with R. equi or exposed to soluble R. equi antigen lysed R. equi-infected target cells. Lysis was decreased to background by depletion of either CD2 Rhodococcus equi is a gram-positive, weakly acid-fast, facultative intracellular bacterium, closely related to Mycobacterium species (18). The cell wall structure and intracellular location during infection by these nocardioform actinomycetes are similar. Immunocompromised humans, notably AIDS patients, are susceptible to R. equi infection, which manifests as a severe pyogranulomatous pneumonia mimicking tuberculosis (7, 29) . R. equi is also an important cause of mortality in 2-to 6-monthold horses, where it produces a similar pyogranulomatous lesion in the lungs (43). As R. equi is ubiquitous in the equine environment, virtually all horses are exposed early in life. Most horses ultimately develop protective immune responses which mediate clearance of the bacteria from the lung and provide lifelong immunity (16, 17) .
Rhodococcus equi is a gram-positive, weakly acid-fast, facultative intracellular bacterium, closely related to Mycobacterium species (18) . The cell wall structure and intracellular location during infection by these nocardioform actinomycetes are similar. Immunocompromised humans, notably AIDS patients, are susceptible to R. equi infection, which manifests as a severe pyogranulomatous pneumonia mimicking tuberculosis (7, 29) . R. equi is also an important cause of mortality in 2-to 6-monthold horses, where it produces a similar pyogranulomatous lesion in the lungs (43) . As R. equi is ubiquitous in the equine environment, virtually all horses are exposed early in life. Most horses ultimately develop protective immune responses which mediate clearance of the bacteria from the lung and provide lifelong immunity (16, 17) .
Immunity to R. equi has been most extensively studied in murine systems. As with Mycobacterium tuberculosis, gamma interferon (IFN-␥) secretion by CD4 ϩ Th1 lymphocytes appears to be critical for immune control (21, 23, 24) . However, mice which lack major histocompatibility complex (MHC) class II-restricted CD4 ϩ T lymphocytes also significantly curtail the pathogen load following challenge (22) . These experiments and others suggest that both CD4 ϩ and CD8 ϩ T lymphocytes are involved in the clearance of R. equi (34, 39) . In immune horses, studies of pulmonary recall responses have shown that clearance of a virulent pulmonary challenge is associated with antigen-specific proliferation by both CD4 ϩ T lymphocytes and CD8 ϩ T lymphocytes (16) . Clearance of R. equi in immune horses also associates with increased numbers of IFN-␥-positive CD4 ϩ and IFN-␥-positive CD8 ϩ T lymphocytes at the site of pulmonary challenge (17) . CD8 ϩ T lymphocytes clearly play a significant role in protective immune responses to M. tuberculosis (26, 40) . Both CD8 knockout mice and ␤ 2 -microglobulin knockout mice, which lack MHC class I-restricted CD8 ϩ T lymphocytes, are more susceptible to infection than syngeneic controls (35) . The effect may reflect, in part, the contribution of CD8 ϩ T lymphocytes to IFN-␥ secretion and, as a result, macrophage activation. However, human and murine CD8 ϩ T-lymphocyte lines, such as Lyt-2 ϩ murine T lymphocytes, have also been shown to lyse M. tuberculosis-infected macrophages in an MHC class I-restricted and antigen-specific fashion, thus supporting the role of CD8 ϩ T-cell cytotoxicity in the control of M. tuberculosis infection (11) . In addition, several MHC class I binding motifs have been characterized in M. tuberculosis proteins and shown to stimulate peptide-specific human CD8 ϩ cytotoxic T lymphocytes (CTL) (50) . However, CTL from infected humans and mice can also recognize and lyse M. tuberculosis-infected cells in an MHC-independent manner. These effector cells, which recognize M. tuberculosis lipid and glycolipid antigens presented via CD1 molecules, include CD8
ϩ T lymphocytes and double-negative (CD4 Ϫ CD8 Ϫ ) T lymphocytes (13, 41, 48) . Presentation of these unique nonpeptide components of a pathogen by nonpolymorphic surface proteins dramatically expands the range of antigens recognized by T lymphocytes.
The present report provides the first evidence for R. equispecific CTL. Importantly, this work was performed on horses, indicating that CTL are likely to play a role in controlling this pathogen in its natural host. We also examined the ability of CTL from immune horses to lyse target cells infected with R. equi that had been cured of the 80-kb virulence plasmid. This plasmid enables the organism to survive in host macrophages and is required to produce disease in young horses. Whereas virulent, plasmid-bearing strains of R. equi persist within macrophages, plasmid-negative strains are taken up by macrophages at comparable rates but are effectively eliminated (15) . We hypothesized that due to either altered antigen presentation or a failure to express plasmid-encoded antigens recognized by effector cells, target cells infected with plasmidnegative R. equi would not be effectively recognized and lysed by CTL.
MATERIALS AND METHODS
Horses. Nine healthy 3-to 19-year-old horses of various breeds, currently maintained in the Washington State University Veterinary Teaching Hospital herd, were randomly selected. Using previously described serologic reagents, equine lymphocyte alloantigen A (ELA-A) MHC class I haplotypes were determined by the microcytotoxicity assay (46) ( Table 1) . Mismatched horses were selected from the original nine based on ELA-A type. Venous blood was collected from the jugular vein of each horse using 500-ml evacuated containers (Baxter, Deerfield, Ill.) containing 80 ml of anticoagulant citrate dextrose (ACD)/420 ml of blood. Peripheral blood mononuclear cells (PBMC) were isolated from venous blood by using a Ficoll-Hypaque technique (33) . PBMC were then used either as effector cells or for isolation of peripheral blood adherent cell (PBAC) targets (see below).
Bacteria. The plasmid-bearing (PLϩ) virulent R. equi strain ATCC 33701, which contains the 80.6-kb virulence-associated plasmid and expresses the virulence-associated protein, VapA, was utilized in all experiments. An avirulent, plasmid-cured (PC) derivative of ATCC 33701 was used for comparison of plasmid-bearing versus plasmid-cured strains (6, 44) . Both strains of bacteria were stored at Ϫ20°C as frozen stabilates and reconstituted prior to each experiment. Bacteria were initially grown on brain heart infusion (BHI) agar and then cultivated overnight in BHI broth at 37°C in a shaking incubator at 200 rpm. After washing twice with phosphate-buffered saline (PBS), the bacteria were adjusted to 10 7 /ml in antibiotic-free complete medium, which consisted of RPMI-1640 supplemented with 2 mM L-glutamine, 2-mercaptoethanol, and 6.25 mM HEPES and 10% normal horse serum (NHS) (Gibco, Grand Island, N.Y.). The adjusted bacterial concentration was initially confirmed by plating serial dilutions on BHI plates and calculating numbers of CFU per milliliter.
Preparation of SRA. To assess whether or not viability of R. equi was required to induce CTL stimulation, soluble R. equi antigen (SRA) was used to stimulate effectors. SRA has been previously used to induce R. equi-specific proliferation postchallenge in immune adult horses (16) . Specifically, SRA induces proliferative responses similar to stimulation with native VapA (27) . SRA was prepared as previously described (16, 27) . Briefly, one colony of R. equi ATCC 33701 PLϩ was inoculated into 10 ml of BHI broth and cultivated overnight at 37°C in a shaking incubator at 200 rpm. The inoculum was transferred to 1 liter of BHI broth and incubated with shaking for an additional 72 h. A previous study showed that 72-h cultures were in the late log phase of growth and associated with minimal autolysis of bacteria (25) . The medium containing bacteria was poured into four 250-ml sterile centrifuge bottles and spun at 3,500 ϫ g for 15 min at 4°C. The pellets were then washed one time in PBS and centrifuged at 3,500 ϫ g for 15 min at 4°C. Two milliliters of bacterial pellet was suspended in 10 ml of PBS (pH 7.4) and transferred to a sterile 50-ml conical tube. The pellets were frozen at Ϫ20°C for a minimum of 2 h, thawed at room temperature, and sonicated on ice for 3 min. The bacterial homogenate was pelleted at 12,000 ϫ g for 15 min at 4°C. The supernatant was set aside and the pellets were resuspended in 5 ml of PBS. The pellets were pooled in PBS, frozen at Ϫ20°C, and sonicated as above. The freeze-thaw cycles were repeated for a total of three times. All the supernatants were pooled, and the final pellet was discarded. The supernatant was centrifuged at 25,000 ϫ g for 60 min at 4°C. The supernatant was collected as SRA. A bicinchoninic acid protein assay (Pierce, Rockford, Ill.) was performed to determine the protein concentration. The presence of specific antigens (e.g., VapA) was confirmed by immunoblotting as previously described (25) .
Effector cell preparation and stimulation. A total of 10 8 PBMC in antibioticfree complete medium were plated in 75-cm 2 flasks at 4 ϫ 10 6 cells/ml. The cells were stimulated with one of the following: (i) 1 multiplicity of infection (MOI) of live R. equi 33701 PLϩ per monocyte, (ii) 10 g of SRA/ml, or (iii) medium alone (as a negative control). In the experiments comparing the avirulent and the virulent strain, effectors were stimulated with either 1 MOI of live R. equi 33701 PLϩ (virulent) or 1 MOI of live R. equi 33701 PC (avirulent). Following a 1-h incubation at 37°C with 5% CO 2 , 50-g/ml gentamicin was added to all cultures to kill extracellular bacteria. Culture flasks were then incubated for 5 days at 37°C with 5% CO 2 . For some experiments, including the depletion studies, the effector cells were then rested without antigenic stimulation prior to further use. Resting consisted of washing the cells twice with antibiotic-free complete medium, counting, and plating in fresh medium. These cultures were then rested for 2 to 10 days at 37°C with 5% CO 2 . Following stimulation and resting, cells were washed once, counted, and then characterized for surface marker expression by flow cytometry. Alternatively, the cells were used as effector cells in the CTL assay described below.
Target cell isolation. Autologous and ELA-A mismatched PBACs were harvested from PBMC for use as target cells as previously described (38) . Briefly, 150-cm 2 petri dishes were coated with 2% sterile bovine collagen (6 ml per plate) by incubating the dishes for 2 h at 37°C with 5% CO 2 . The collagen solution was then removed and the dishes air dried for 30 min. The dishes were next coated with 6 ml of NHS by incubation for 30 min at 37°C with 5% CO 2 . Serum was removed and PBMC were plated on dishes coated with gelatin and serum at a density of 1.5 ϫ 10 8 cells/dish in 20 ml of antibiotic-free complete medium. Cells were incubated for 15 to 19 h at 37°C with 5% CO 2 . Following incubation, nonadherent cells were resuspended in the culture medium by repeated pipetting (10 times) and then removed by washing each plate with 10 ml of PBS and repeated pipetting (10 times). Adherent cells were eluted with 20 ml of antibiotic-free complete medium containing 20% NHS mixed 1:1 (vol/vol) with 10 mM EDTA for 35 min at 37°C with 5% CO 2 . The cells were then collected by vigorously pipetting the eluting fluid 10 times, and subsequently each dish was washed twice with 10 ml of PBS per wash. Eluted cells were combined, washed once with antibiotic-free complete medium, counted, and added to 96-well plates at 10 5 cells/well in 100 l of medium. Immediately prior to adding cells, 20 l of commercial NHS was added to each well. In 11 trials using two horses, the adherent cells were stained with monoclonal antibody (MAb) DH59B, a PBMCderived monocyte marker for anti-CD172A, and MAb HB88A, an anti-CD2 marker. The eluted population was 89% Ϯ 4.6% (n ϭ 6) or 89% Ϯ 8.6% (n ϭ 5) CD172a ϩ as well as 5% Ϯ 4.3% (n ϭ 6) or 5% Ϯ 2.1% (n ϭ 5) CD2 ϩ , with the remaining (approximately 6%) cells not reacting with these antibodies by fluorescence-activated cell sorter analysis. The cells were incubated for 1 h prior to use as target cells in the CTL assay (see below).
Cytotoxicity assay. Each well of target cells was labeled with 50 l of antibiotic-free complete medium containing 100 Ci of 51 Cr per ml. Following 13 h of incubation, the targets were infected with live R. equi bacteria by adding 50 l of antibiotic-free complete medium containing 10 7 live R. equi per ml. One hour postinfection, 20 l of complete medium containing 1 mg of gentamicin sulfate/ml was added to each culture well to kill any extracellular bacteria. Following an additional 7.5 h of incubation, the cells were washed four times with complete medium containing 0.05 mg of gentamicin sulfate/ml to remove extracellular 51 Cr. Effector cells were then added to target cells and incubated for an additional 4.5 h at 37°C with 5% CO 2 . Following incubation, the plates were centrifuged at 500 ϫ g for 5 min to pellet cells. One hundred microliters of supernatant was removed and the amount of 51 Cr was measured using a MicroBeta plate reader. The following formula for percent specific lysis was used: [(E Ϫ S)/(T Ϫ S)] ϫ 100, where E is the mean of three test wells, S is the mean spontaneous release from three target cell wells without effector cells, and T is the mean total release from three target cell wells with 3% Triton X-100 (31) . As previously reported, significant lysis was defined as 3 standard errors above the negative control value (31) . In initial experiments, parallel cultures were also stained and examined microscopically to determine the percentage of infected cells. Initial trials examined uptake and spontaneous release of 51 Cr by PBACs. These trials supported the use of 100 Ci of 51 Cr/ml of medium and incubation of the PBACs in the presence of chromium for a total of 27 h (data not shown). The spontaneous release of chromium by infected PBACs was affected by both the MOI and the time of infection. At 12 h postinfection using 1 MOI of the virulent strain of R. equi, the percent infected cells was 21 to 27% whereas the infection rate with 5 MOI was 78 to 79%. The percentage of infected PBACs plateaued at MOI greater than 5 bacteria per target cell (e.g., 84 to 90% at 10 MOI). With 5 MOI, the percent spontaneous release was less than 15%, whereas in five trials using 10 MOI the percent spontaneous release was consistently above 15% and often approached 75% (data not shown). To investigate the time of infection, the maximal release of 51 Cr was measured following infection with 5 MOI of virulent bacteria. Total chromium counts per minute decreased when infection exceeded 14 h (data not shown). In contrast to stimulation of effectors, which was achieved with 1 MOI of bacteria, target cells in the CTL assay were infected with 5 MOI for a total of 11 to 12 h. This allowed for maximum presentation of antigen by targets with minimal effect on the viability of the cells. In greater than 50 subsequent trials using 10 horses, the spontaneous release of chromium from both uninfected and infected macrophages remained below 15%. With repeated trials (n ϭ 5), there was no difference in the percentage of infected PBACs between infection with the virulent strain and the plasmid-cured strain of the bacterium.
Flow cytometry. Before and after stimulation, and following depletion (see below), effector cells were labeled with 15 g of either anti-equine CD8 MAb HT14A, anti-equine CD4 MAb HB61A, anti-equine CD2 MAb HB88A, antiequine immunoglobulin G MAb 1.9/3.2 (B-cell marker), anti-equine CD172a MAb DH59B (1) (granulocyte marker), or isotype control antibody (COLIS69A) (control for nonspecific binding) (VMRD, Inc., Pullman, Wash.) per ml. For CD3 depletion assays, the cells were also labeled with 60 g of anti-equine CD3 MAb F6-G (J. Stott, University of California, Davis) per ml. The mixtures were incubated on ice for 15 min at 4°C, washed three times, and pelleted at 4°C for 4 min at 500 ϫ g. Cells were then suspended in 50 l of 5-g/ml fluoresceinconjugated anti-mouse immunoglobulin serum absorbed with normal human and horse sera. Cells were next incubated 15 min at 4°C in the dark, washed two times, and suspended in 200 l of 2% formaldehyde in PBS (8, 33) . Labeled cells were analyzed with a FACScan cytometer equipped with a Macintosh computer and Cell Quest software (Becton Dickinson Immunocytometry Systems, San Jose, Calif.). The effector cell population was analyzed before stimulation and immediately prior to testing in the CTL assay. The values were compared using a nonparametric t test with a P value of Ͻ0.05 considered significant.
Fractionation of effector cells. In order to identify the subset responsible for cytotoxicity, antibody-coated Dynabeads (Dynal, Inc., Lake Success, N.Y.) were used to perform negative selection as previously described. Briefly, mouse antiequine CD2 MAb HB88A (47), mouse anti-equine CD3 MAb F6-G (4, 28), mouse anti-equine CD8 MAb HT14A, or mouse anti-equine CD4 MAb HB61A was added to the washed beads at 0.1 g/10 7 beads and incubated for 30 min at 2 to 8°C on a mixer. The beads were then washed to remove unbound antibody. Effector cells were diluted to 2.5 ϫ 10 7 cells/ml in Hanks balanced saline solution and cooled to 2 to 8°C. Prepared antibody-coated beads at Ͼ2 ϫ 10 7 beads/ml of sample were added to effector cells at 5 beads/targeted cell and incubated for 30 min at 2 to 8°C on a mixer. The cells were placed in the Dynal MPC magnet (Dynal, Inc.) for 2 to 3 min, and the supernatant was transferred to a fresh tube containing antibody-coated beads for a second depletion. The resultant populations of CD2-, CD3-, CD4-, or CD8-depleted cells were then used as effectors in cytotoxicity assays. The effectiveness of depletion was assessed by flow cytometry, as previously described.
RESULTS
Effector cell population. Within a 2-year period prior to these experiments, horses H71, H44, H55, and H68 had been challenged intrabronchially with virulent R. equi ATCC 33701. Horse H81 had been pastured with horses H44 and H71 at the time of the latter horses' challenge. All challenged horses effectively cleared the bacterium and had a documented recall response to the infection (16) . Ex vivo stimulation of effector cells from these horses was performed with antigen-presenting cells (APC) either infected with live, virulent R. equi or pulsed with SRA. As a negative control, effectors were cultured with medium alone (no antigen [NA]). Following stimulation, the percentage of CD8 ϩ T lymphocytes in both of the antigenstimulated populations (30% Ϯ 3.9%) was significantly increased (P Ͻ 0.05) relative to both the PBMC prior to culture (9% Ϯ 3.6%) and the control effector cells exposed to no antigen (16% Ϯ 2.4%). In contrast, the percentage of CD4 ϩ cells did not significantly change (stimulated, 41% Ϯ 10.6%; PBMC, 46% Ϯ 10.7%; NA, 55% Ϯ 7.0%). Additionally, the percentages of CD2 ϩ cells in stimulated cultures were not significantly different from PBMC populations or NA cultures (stimulated, 69% Ϯ 14.4%; PBMC, 59% Ϯ 16.1%; NA, 67% Ϯ 27.7%).
Stimulated PBMC effectively lyse R. equi-infected targets. In an initial trial using horse H71, effector cells stimulated with live R. equi lysed autologous infected, but not uninfected, PBAC targets (Fig. 1) . Increasing the number of effector cells to target cells (E:T ratio) in threefold increments, from 1:1 to 9:1, resulted in increased lysis of infected targets. However, lysis was not ELA-A (classical MHC class I) restricted, as evidenced by lysis of infected ELA-A mismatched targets (Fig.  1) . As with autologous targets, uninfected ELA-A mismatched targets were not killed.
To confirm the initial observation and determine whether effector cells from other exposed adult horses could lyse R. equi-infected targets, eight additional horses representing seven ELA-A haplotypes were evaluated. Figure 2 depicts four representative horses from this group (see Table 1 ). Additional ELA-A haplotypes tested, not included in Table 1 , included A9 and A6. At an E:T ratio of 5:1, effector cells stimulated by in vitro infection with live virulent R. equi caused significant killing, which again was not ELA-A restricted. Killing was, however, specific for infected PBAC targets and stimulation of effector cells with R. equi-infected APC was required ( Fig. 2A) . In all but one horse (H44), the killing of autologous and mismatched infected PBACs was not significantly different.
Control PBMC, grown under identical conditions but without antigenic stimulation, did not lyse infected or uninfected target cells (Fig. 2B ). In the case of H44, lysis of autologous infected target, although significant, was minimal and readily explained by recent challenge of this animal (only horse to be infected within 3 months of experiments). However, significant lysis could also be induced by exposure of effector cells to SRA (Fig. 2C) . As with R. equi-stimulated effectors, killing was not ELA-A restricted, as both autologous and mismatched infected targets were effectively lysed. The lysis of infected PBACs by PBMC stimulated with the soluble extract was significant but decreased compared to the lysis mediated by PBMC stimulated with live R. equi (compare Fig. 2A and C) . To achieve similar levels of lysis (or in some cases statistically significant levels of lysis) it was necessary to increase the E:T ratio (e.g., from 5:1 to 20:1) when using SRA-stimulated effectors. Additional cytotoxicity experiments using cells from four additional horses (nine total) and stimulation with either live R. equi or SRA gave similar results.
Identification of the effector cell population. In order to determine the phenotype of the cells primarily responsible for lysis of R. equi-infected targets, negative depletion of the stimulated PBMC was performed. To differentiate T-cell (CD2 Figure 3A demonstrates that depletion of CD2 ϩ cells significantly decreased killing by 83% Ϯ 13.5% (P Ͻ 0.05, n ϭ 7). Depletion of CD3 ϩ cells (Fig.  3B ) also resulted in a significant decrease in the percent specific lysis of R. equi-infected targets (83% Ϯ 12.0%; P Ͻ 0.05, n ϭ 2). With one exception, the specific lysis of infected targets by CD3-and CD2-depleted effectors was not significantly different from uninfected controls.
To further define the effector cell type, CD4 ϩ or CD8 ϩ cells were depleted to Ͻ1% CD4 ϩ cells or Ͻ1% CD8 ϩ cells. As shown in Fig. 4A , the percent specific lysis decreased significantly upon depletion of the CD8 ϩ T lymphocytes (P Ͻ 0.05, killing decreased by 58% Ϯ 20.7%, n ϭ 8). In contrast, depletion of the CD4 ϩ T lymphocytes resulted in increased lysis or no significant change in the percent specific lysis (18% Ϯ 22.2% increased lysis compared to undepleted effectors, n ϭ 8). These results are consistent with CD8 ϩ T-lymphocyte-mediated lysis accounting for the majority of the lysis. Similarly, ELA-A mismatched infected targets were lysed by CD8 ϩ T lymphocytes, as depletion had the same effect (Fig. 4B) .
Lysis of infected PBACs is not dependent on the presence of the virulence-associated plasmid. Autologous and mismatched PBACs labeled with 51 Cr were infected for 12 h with either virulent R. equi 33701 or an avirulent plasmid-cured derivative. The percentage of PBACs infected with 5 MOI of the plasmidcured strain (71 to 89%) was not significantly different from the percentage infected with the virulent strain (78 to 79%).
Infected targets were then exposed to effectors stimulated with virulent live bacteria. The lysis of autologous targets infected with either strain was not significantly different (Fig. 5A) . Target cells infected with the avirulent, plasmid-cured strain were lysed to the same degree and in a similar ELA-A-unrestricted manner (Fig. 5B) compared to target cells infected with the virulent strain. Alternatively, effector cells were stimulated with either the avirulent or the virulent strain for 5 days, rested for 2 days, and then exposed to labeled targets infected with the virulent strain of the bacterium. Cells stimulated with either strain lysed infected targets to an equivalent degree (Fig.  6) . Additionally, the percentage of CD8 ϩ T lymphocytes in the effector cell population increased from 9% Ϯ 2.0% to 38% Ϯ 4.3% when stimulated with the virulent strain. With avirulent, plasmid-cured strain stimulation, the percentage of CD8 ϩ T lymphocytes increased from 9% Ϯ 2.0% to a similar 34% Ϯ 0.03% (P ϭ 0.45).
DISCUSSION
Rhodococcal pneumonia is an important disease of horses that has been estimated to account for up to 3% of all foal deaths (43) . However, even on farms with endemic infection where natural exposure to virulent R. equi is high and a large percentage of foals develop pneumonia, adult horses do not manifest with disease. Previous research provides strong evidence that the resistance of adult horses to R. equi challenge (16, 17) . Since foals are born into an environment containing R. equi, the goal of an immunization strategy will likely be to direct the immune response to this protective phenotype, rather than to induce sterile immunity. An improved understanding of the protective immune responses in adult horses is, therefore, central to efforts to prevent equine rhodococcal pneumonia by immunization. An asterisk indicates where lysis of infected targets is significantly increased (Ͼ3 standard errors compared to the corresponding uninfected control).
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Previous work, especially using mouse models, indicates that rhodococcal pneumonia is an immunopathologic disease. Animals that respond to infection with a Th2 response develop characteristic pulmonary lesions, whereas those that develop Th1 responses clear a virulent challenge (23) . As with M. tuberculosis, a closely related pulmonary pathogen, the activation of macrophages via CD4 ϩ T lymphocytes and IFN-␥ production appears to be critical to immune clearance (22, 23, 36) . These data, which are supported by work on horses, strengthen the hypothesis that directing the immune response of naive foals to the immune response seen in mature horses will be protective.
It is likely, however, that immune control of R. equi does not depend exclusively on CD4 ϩ Th1 lymphocyte responses. A growing body of evidence suggests that CD8 ϩ T lymphocytes also contribute to the protective immune response (16, 17, 34) . For M. tuberculosis, CD8 ϩ T lymphocytes that exhibit cytotoxic ability have been identified in mice, guinea pigs, and humans.
FIG. 3. Depletion of CD2
ϩ and CD3 ϩ effectors resulted in decreased lysis of infected targets. PBMC from two horses were stimulated for 5 days ex vivo with live virulent R. equi and then rested for 48 h. Stimulated PBMC were then depleted of (A) CD2 ϩ cells or (B) CD3 ϩ cells and used as effectors. Autologous or ELA-A mismatched PBACs were infected for a total of 12 h with virulent R. equi 33701 and exposed to effectors for 4.5 h (E:T ratio of 10:1). Uninfected PBAC targets served as negative controls. Representative data are shown from H68. Similar results were obtained for H71. a, depletion results in a significant decrease in killing (Ͼ3 standard errors relative to the infected PBMC control). b, following depletion, lysis of infected targets was significantly different from the lysis of the uninfected controls in only one horse.
Moreover, in humans the ex vivo cell-mediated lysis of M. tuberculosis-infected cells has been inversely correlated with the severity of tuberculosis (9) . For example, PBMC from humans who had successfully contained M. tuberculosis infection in vivo demonstrated antigen-specific, HLA class I-restricted cytotoxicity to target cells pulsed with ESAT-6, a secreted mycobacterial antigen that has shown promise as an immunogen (37) . T-cell lines from these individuals were then used to map peptide epitopes and enumerate ESAT-6-specific CD8 ϩ T cells in blood. The results reported here provide the first evidence for CTL directed against R. equi-infected targets. CTL were readily amplified in PBMC from immune adult horses by ex vivo stimulation with either live R. equi or a soluble extract of the bacterium. PBMC incubated without antigen stimulation (medium alone) did not produce significant specific lysis of R. ϩ T lymphocytes that occurs in immune adult horses as part of a protective recall response to virulent R. equi (16, 17) . The observation that stimulation with live bacteria amplified CTL from PBMC more effectively than stimulation with soluble antigen could reflect a difference in antigen presentation by infected versus antigen-pulsed APC. There could also be differences in the nature and/or amount of the antigen(s) available for presentation. Specifically, live R. equi may carry or actively produce antigen that may not be represented or that constitutes a small fraction of the soluble extract. A more exhaustive study of R. equi antigen capable of stimulating CTL, including nonprotein antigen (see below), is clearly warranted.
Importantly, the lysis observed using effector cells from immune horses was not restricted by classical MHC class I molecules. ELA-A-unrestricted killing, especially when considered across a variety of haplotypes and in conjunction with what is known about linkage to equine MHC class II alleles (12, 32) , strongly suggests a novel or unconventional method of antigen presentation and/or recognition. One potential explanation for the unrestricted cytotoxicity was NK cell activity. In order to address natural cytotoxicity and further characterize the observed killing, effector cells were depleted of T lymphocytes or lymphocyte subsets prior to use in the CTL assay. In horses, like most species, T lymphocytes are CD2 ϩ CD3 ϩ , whereas NK cells are CD2 ϩ CD3 Ϫ (49). More specific NK cell markers are not currently available. Depletion of CD2 ϩ cells decreased specific lysis to background levels. However, depletion of CD3 ϩ cells had the same effect, indicating that the primary effectors in this system are T lymphocytes or possibly NKT cells, rather than classical NK cells (13) . CD8 ϩ T lymphocytes accounted for the majority of the cytotoxicity against R. equi-infected targets, as their removal from the effector cell population significantly decreased killing. However, although depletion resulted in a population of effector cells in which Ͻ1.0% expressed CD8, in most experiments it did not decrease killing to background levels, as was observed when CD2 ϩ or CD3 ϩ cells were removed. This suggests that horses also had a population of CD8-negative T lymphocytes, which contributed to the specific lysis of R. equi-infected targets. By comparison, depletion of CD4 ϩ T lymphocytes resulted in no change in lysis or an increase in the percent specific lysis. The enhanced killing was likely a result of increasing the absolute number of effectors in the remaining cells, effectively increasing the E:T ratio. There was no evidence for ELA-A restriction when using fractioned PBMC as effectors. Depletion of CD8 ϩ T lymphocytes decreased killing of both autologous and ELA-A mismatched targets to similar degrees. Likewise, depletion of CD4 ϩ effector cells had no effect on ELA-A restriction, as remaining cells killed both autologous and mismatched R. equi-infected targets.
An important consideration for the ELA-A-unrestricted lysis of R. equi-infected target cells observed in these experi- FIG. 6 . Equivalent lysis of infected targets was mediated by lymphocytes stimulated with either the plasmid-bearing (virulent) or the plasmidcured (avirulent) strain. PBMC effectors were stimulated with either the PLϩ or the PC strain of R. equi. Representative data from horses H71 and H68 at an E:T ratio of 9:1 are presented in the figure. ELA-A-unrestricted lysis of PBAC targets infected with the plasmid-bearing strain (virulent) of R. equi 33701 was equivalent for either stimulated lymphocyte population. The asterisks indicate significant killing compared to the corresponding uninfected control. (2, 5) . Intracellularly, CD1 molecules are found in endocytic subcompartments where lipid or lipid-modified antigens derived from phagocytosed bacteria are known to traffic. In this manner, CD1 molecules appear to be well situated to monitor and sample phagosome-bound, intracellular bacteria. Recent research has shown that a significant portion of the T lymphocytes that recognize and lyse M. tuberculosis-infected cells utilize ␣␤ T-cell receptors, or in some cases ␥␦ receptors, to recognize lipids, glycolipids, or lipopeptides presented in the context of CD1 molecules (10, 20) . A variety of nonpeptide mycobacterial antigens (especially from the cell wall) have been shown to be presented by the CD1 system, including mycolic acid and lipoarabinomannan (3) . Importantly, these antigens are uniquely expressed by potential pathogens and not present in or on host cells.
To further investigate antigen presentation in our system, the initial focus was on the 80.6-kb R. equi virulence plasmid. Plasmid-bearing strains of R. equi have been shown to replicate within macrophages, whereas non-plasmid-bearing or plasmidcured strains can survive for up to 48 h in macrophages but do not replicate and are ultimately destroyed (19) . The plasmid is also required for pathogenicity in the natural host. R. equi isolates from the lungs of foals with rhodococcal pneumonia invariably carry the virulence plasmid (15) . Moreover, foals challenged with PC strains rapidly clear the organism without developing clinical signs or lesions. In addition, avirulent PC strains do not induce IFN-␥ responses in the lungs of immune horses, nor do they induce protective immune responses in naive, immunocompetent mice (17, 45) . Even SCID mice, which lack both T lymphocytes and B lymphocytes and are unable to clear virulent strains of R. equi, effectively clear a pulmonary challenge with PC strains, apparently via innate immune responses (30) . Based on the effective clearance both in vitro and in vivo (even in immunodeficient mice) and on the failure of PC strains to induce either primary immune responses in mice or memory responses in horses, we postulated that target cells infected with PC R. equi would not effectively present antigen to CTL. In contrast to our expectations, PBACs infected with PC R. equi were lysed at an equivalent level and in an identical ELA-A-unrestricted manner when compared to infection with the virulent strain. Additionally, PBMC stimulated with either the virulent or the avirulent strain lysed virulent strain-infected targets to the same degree. These results demonstrate that the virulence plasmid is not required for presentation of the antigens recognized by CTL in this system. Moreover, the antigens recognized by CTL are not encoded by the plasmid. Although there are several possible explanations for these observations, recognition of infected targets via CD1-restricted presentation of unique lipid or lipidmodified antigens is an important consideration. Notably, the nonpeptide, pathogen-specific antigens which constitute the R. equi cell wall (14, 42) should be present in both plasmidbearing and PC strains and available in endocytic compartments to bind CD1 molecules (5) .
Cytotoxic T lymphocytes have been shown to play an important role in the protective immune responses to actinomycete infection, specifically to human and murine tuberculosis. However, CTL have not been previously evaluated with reference to R. equi or other bacterial infections in the horse. The data presented here suggest that in the natural host, CD8
ϩ T lymphocytes, and possibly double-negative CD8 Ϫ CD4 Ϫ T lymphocytes, curtail the pathogen load via lysis of infected cells. These cells may be directly involved in immune control of R. equi. Interestingly, the lack of classical MHC class I restriction suggests a novel form of antigen presentation and possibly the presentation of novel antigens, such as lipids. Future work will be directed towards understanding the nature of the antigens recognized and the method of antigen presentation, including assessment of the role of CD1 molecules. An interesting question will be whether relative deficiencies in this method of antigen presentation and in the development of R. equispecific CTL in foals contribute to their unique susceptibility to rhodococcal pneumonia. If so, an immunization strategy that stimulates these responses early in life may be protective.
